Objective To evaluate whether radiation may offer a practical method of improving surgical success for glaucoma drainage surgery in South Africa. Design Double blind, randomised controlled trial. Setting Three public hospitals in South Africa. Participants 450 black Africans with primary glaucoma. Interventions Trabeculectomy with 1000 cGy radiation or standard trabeculectomy without radiation (placebo). Main outcome measures Primary outcome measure was surgical failure within 12 months (intraocular pressure > 21 mm Hg while receiving no treatment for ocular hypotension). Secondary outcomes were visual acuity, surgical reintervention for cataract, and intraoperative and postoperative complications. Results 320 people were recruited. radiation was given to 164; 20 (6%) were not seen again after surgery. One year after surgery the estimated risk of surgical failure was 30% (95% confidence interval 22% to 38%) in the placebo arm compared with 5% (2% to 10%) in the radiation arm. The radiation group experienced a higher incidence of operable cataract (18 participants) than the placebo group (five participants; P = 0.01). At two years the estimated risks with placebo and radiation were, respectively, 2.8% (0.9% to 8.3%) and 16.7% (10.0% to 27.3%). Conclusion radiation substantially reduced the risk of surgical failure after glaucoma surgery. Some evidence was, however, found of an increased risk for cataract surgery (a known complication of trabeculectomy) in the radiation arm during the two years after surgery. Trial registration ISRCTN62430622.
Introduction
Glaucoma is the world's second most common blinding condition causing irreversible visual loss. 1 2 The prevalence of primary open angle glaucoma is often higher in people of African descent than in white people. 3 4 Clear evidence shows that lowering intraocular pressure reduces the rate of progression. [5] [6] [7] In many low income countries surgery is the principal means of managing glaucoma. In African patients a successful outcome of glaucoma surgery is often compromised by an aggressive healing response. 8 9 For this reason antimetabolites such as 5-fluorouracil or mitomycin C may be used. radiation has features that make it appealing for use in glaucoma surgery. Application is rapid and simple: both dose and treatment area can be controlled accurately. The probe is self sterilising and has a working life of 20 years or more. In settings without regular supplies and maintenance, radiation is particularly attractive.
Two randomised controlled trials on radiation in trabeculectomy have been published. Both involved white patients, in whom success rates for primary surgery are high. Four of 70 patients receiving radiation and seven of 56 controls were classified as failures (intraocular pressure > 21 mm Hg; P = 0.18). 10 11 We evaluated the effect of radiation for glaucoma drainage surgery in South African patients.
Participants and methods
We carried out a double blind, randomised controlled surgical trial of trabeculectomy with 1000 cGy radiation or standard trabeculectomy without radiation (placebo) in three centres in South Africa. All black Africans with established glaucoma requiring trabeculectomy were invited to participate in the trial. Written, informed consent was obtained. Eligibility criteria were age 40 years or more, characteristic glaucomatous changes in the optic disc, an intraocular pressure ≥ 21 mm Hg on at least one visit before listing for surgery (measured by Goldmann applanation tonometry), and an open angle on gonioscopy (see bmj.com for exclusion criteria). We included one eye of each patient.
Recruitment was between November 1999 and June 2002. A trial ophthalmologist collected the data. Visual field testing was not an outcome; testing increases the duration and cost of examinations.
Throughout the trial we obtained a median interobserver agreement of 2.8 mm Hg, with 95% limits. Visual acuity was measured using a reduced logarithm of the minimum angle of resolution (logMAR) tumbling E test. 12 We assessed cataract using the LOCS (lens opacities classification system) III grading system. 13 Although the observers had received training, we found variation between them. We therefore used the need for surgical intervention as an indicator of clinically important cataract.
Trabeculectomy surgery was modified from Cairn's original description. After conjunctival closure an applicator was placed over the surgical site, providing a dose of 1000 cGy for active applicators. Patients were prescribed prednisolone acetate and chloramphenicol 0.5% four times daily postoperatively. The surgeons were experienced in ophthalmic surgery. All surgical events were recorded.
neither of whom participated in data collection. Randomisation was in blocks of 20, with the assigned groups distributed to each centre in opaque, sealed envelopes. Each participant was allocated a trial number on recruitment. The envelope with that number was opened during surgery to determine allocation. Separate record sheets were used at follow-up to mask clinicians from the treatment allocation.
Patients were followed up at one day; one or two weeks; and 1, 3, 6, and 12 months after surgery, with subsequent review encouraged.
Dosimetry of radiation
The radiation emitters contained strontium-90/yttrium-90 (strontium-90 decays to yttrium-90 on release of the particle) in 8 mm disc applicators (SI-20; Nycomed Amersham, Buckinghamshire). Dosimetry was measured in the medical physics department, University of the Free State.
Outcomes
The primary outcome measurement was surgical failure within 12 months, defined as an intraocular pressure greater than 21 mm Hg while receiving no treatment for ocular hypertension. Secondary outcomes were visual acuity, surgical reintervention for cataract, and intraoperative and postoperative complications.
Statistical analysis
The trial was designed to show a difference in surgical failure rates at 12 months. Assuming 50% failure in the placebo arm and less than 30% in the radiation arm, we determined that we would need 268 participants to give 90% power with 5% significance. Allowing for 20% losses to follow-up, we estimated that we needed to recruit 334 participants.
Data were double entered into a bespoke database (Access 2000; Microsoft, WA). Analyses were carried out on an intention to treat basis. We plotted Kaplan-Meier survival curves of time to surgical failure and need for cataract surgery by treatment group and compared these using the log rank test. Cox regression was used to estimate the failure rate ratio between the two groups while controlling for other prognostic factors. We compared the treatment arms for changes in visual acuity using the last recorded visual acuity, which could be later than the date of surgical failure. The degree of change was classified into three categories: < 0.25 logMAR, 0.25-0.39 logMAR, or ≥ 0.40 logMAR. We considered changes from better than count fingers to count fingers, from count fingers to perception of light, and from perception of light to no perception of light as equivalent to changes greater than 0.4 logMAR. We appointed a group of independent experts to monitor safety.
Results
Overall, 320 of 450 patients requiring trabeculectomy were randomised; 164 to the radiation group ( fig 1 and table 1 ). Twenty participants (6%) dropped out of the study after surgery. Some evidence was found that the probability of not being seen was associated with sex (women 10% v men 4%: P = 0.03), blindness in the fellow eye (9% v 3%: P = 0.02), and centre (Bloemfontein 2%, Edendale 9%, Pretoria 3%: P = 0.09; table 1). No strong evidence was found for an association with other variables. A further 68 patients were lost to follow-up before 12 months (36 in the radiation arm). Similar mean numbers of follow-up visits were completed in each of the treatment groups (4.9 radiation group; 4.5 placebo group; P = 0.35).
Participants who were followed up showed similar distributions for sociodemographic, ophthalmic, and surgical factors in the treatment arms (table 1).
Primary outcome: surgical failure
A total of 54 cases of surgical failure (median intraocular pressure > 21 mm Hg) were identified. Figure 2 presents Kaplan-Meier survival curves for the two groups. Strong evidence was found of a lower risk of surgical failure in the radiation group (log rank test 2 = 26.1; P < 0.0001). The estimated risk of failure 12 months after surgery in the placebo arm was 30% (39 cases of surgical failure, 95% confidence interval 22% to 38%) and in the radiation arm was 5% (six cases, 2% to 10%). In the placebo arm the risk was 21% (high) in the first six months after surgery, rising to 30% at 12 months and 32% at 18 months. In the radiation group the risk was 2% (low) in the first six months, rising to 5% at 12 months and 9% at 18 months.
Eleven cases of surgical failure in the radiation group represent 4.8 per 100 person years. In the placebo group, 43 cases of surgical failure represent 26.0 per 100 person years. Failure rates across different subgroups were consistently lower in the radiation group. After fitting a Cox regression (proportional hazards) model, the estimated failure rate ratio in the radiation group compared with the placebo group was 0.21 (95% confidence interval. 0.11 to 0.40; likelihood ratio test 2 = 27.7, P < 0.0001). Controlling for each of the personal, ophthalmic, and surgical factors individually did not result in any important change to the estimated rate ratio (range 0.19-0.22).
Among patients not experiencing surgical failure and with at least six months of follow-up, the median intraocular pressure in the radiation arm at last follow-up was 11.5 mm Hg (interquartile range 8.5-14.0; n = 115) and in the placebo arm was 13.5 mm Hg (11.0-16.0; n = 82). After taking account of baseline intraocular pressure, strong evidence was found that intraocular pressures were lower in the radiation group than in the placebo group (P < 0.001, linear regression analysis). The median reduction in intraocular pressure in the radiation group was 17 mm Hg compared with 16 mm Hg in the placebo group. In relative terms, the radiation group experienced a median reduction in intraocular 
Secondary outcomes

Visual acuity
The distributions of changes in visual acuity between the two groups after surgery using the last recorded visual acuity were similar (P = 0.88). The mean duration of follow-up was 585 days in the radiation group and 532 days in the placebo group. Fifty eight per cent of participants in the placebo arm compared with 56% in the radiation arm had a measured change of < 0.25 log-MAR. Twenty six per cent of participants in the placebo arm and 28% in the radiation arm had measured deteriorations of ≥ 0.25 logMAR.
Surgical reintervention for cataract
The radiation group experienced a higher incidence of cataract considered to need extraction than did the placebo group (18 v 5 participants; fig 4; log rank test P = 0.01). At one year postoperatively the risk of having developed a cataract requiring extraction in the placebo group was 0.8% (95% confidence interval 0.1% to 5.9%) and in the radiation group was 3.2% (1.2% to 8.3%). At two years the corresponding risks were 2.8% (0.9% to 8.3%) and 16.7% (10.0% to 27.3%). All participants who were identified as needing cataract extraction during follow-up had evidence of cataract at baseline. Their median (range) lens opacities classification scores at baseline were 2.8 (1.5-4.0) for nuclear opacity, 3.0 (1.0-4.0) for nuclear colour, 1.8 (0.1-3.6) for cortical cataract, and 1.0 (0.1-4.0) for posterior subcapsular cataract. Participants with pseudoexfoliation glaucoma were more likely to be identified as needing cataract surgery than those with primary open angle glaucoma (11 cases, rate 0.3/100 person years v 11 cases, rate 3.5/100 person years; P = 0.007). For both types of glaucoma there seemed to be an excess of cataract in the radiation group (primary open angle glaucoma, 8 v 3 cases, P = 0.10; pseudoexfoliation, 9 v 2 cases; P = 0.08). Mild cellular reaction in the anterior chamber ( ≥ 1 cell per high power field) in the first month after surgery seemed more common in the radiation arm than in the placebo arm (51% v 40%; P = 0.07) and was associated with an increased rate of cataract (15 cases, rate 8.4/100 person years v 5 cases, rate 2.5/100 person years; log rank test P = 0.02). After controlling for mild cellular reaction in the anterior chamber in the first month postoperatively, the radiation group still showed some evidence of increased incidence of cataract (rate ratio 3.9, 95% confidence interval 1.2 to 12.2; log rank test P = 0.04).
Surgical complications
The two most common intraoperative and postoperative complications were clinically important uveitis and hypotony, both of which were slightly more common in the radiation group (table 2) . No patients with hypotony sustained visual loss. Severe complications associated with a reduction in vision were seen in five participants (1.6%), two of whom had received placebo.
Discussion
radiation has a beneficial effect on intraocular pressure and is a useful adjunct to glaucoma drainage surgery in South African patients. Reduction of intraocular pressure in patients with glaucoma is accepted to be of benefit. 6 7 Some evidence also suggests that the lower the pressure, the more protection is afforded. 9 In our trial complications were low in the context of current literature. [14] [15] [16] The major disadvantage of radiation we identified was an increase in the risk of surgical reintervention for cataract. Cataract formation after trabeculectomy is well described, but estimates vary (range 2-55%). Compared with previous reports, there does not seem to be a striking increase in the incidence of cataract in our trial, even in the radiation group. One reason for the observed increased risk for cataract in the radiation arm could be that clinicians give more attention to cataract in the presence of controlled intraocular pressure. If this is so, we would expect those with controlled intraocular pressure to undergo further cataract surgery. This does not seem to be the case (data not shown).
radiation could itself cause cataract. radiation has extremely rapid attenuation, however-the calculated amount of radiation reaching the germinal epithelium of lenses in our trial was less than the minimum dose reported to cause cataract (200 cGy). 26 27 In addition radiation is often used on bare sclera to treat pterygia. Despite a larger dose of radiation to the lens, cataract is not common. Finally, radiation induced cataract is a characteristic pattern of cortical opacity, starting at the site of application. 28 This pattern was not observed in our patients. Extremely shallow anterior chambers have been linked with an increased risk of cataract formation. 17 18 In our study extremely shallow anterior chambers were rare. It has also been suggested that eyes with slightly low intraocular pressures (not normally classified as hypotony) may be at higher risk of cataract formation. Reports vary on the importance of this causal mechanism. 19 20 Lower intraocular pressures in the radiation arm could explain some of the increase in cataract risk.
We observed a higher incidence of mild uveitis among patients receiving radiation. Such an effect has not been reported previously. 21 After controlling for mild uveitis, evidence of an association between radiation and risk of cataract remained. Uveitis therefore does not explain all of the increased risk.
The use of steroids during the postoperative period may induce cataract formation but would require differential use between the two groups. Randomisation and a similar pattern of follow-up visits in the two groups make this less likely. It may be that a combination of factors acts synergistically. The increased frequency of cataract formation in those with pseudoexfoliation syndrome has been noted previously.
22
Arguments for and against radiation radiation is carried out at the time of original glaucoma drainage surgery and does not require postoperative compliance or direct costs. It has a major, clinically important benefit on control of intraocular pressure and has appeal in resource poor settings as the probe is self sterilising, involves a one-off cost, can treat patients for 20 years or more, and requires no supplies.
If radiation increases the need for further surgery the advantages of single therapy with trabeculectomy are much diminished. Explaining glaucoma and the need for preventive intervention is extremely difficult. The possibility of further surgery may discourage uptake and place increased demands on the health system. A potential complication of subsequent cataract surgery is failure of the drainage bleb. 29 30 Although blindness caused by cataract is reversible, blindness caused by glaucoma is not. Restoration of vision with subsequent cataract surgery must represent a better outcome than permanent blindness from glaucoma. The option of combined surgery (trabeculectomy with radiation plus cataract extraction) needs urgent study.
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No patient had more than one complication.
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